The obligate human pathogens Neisseria meningitidis and Neisseria gonorrhoeae colonize mucosal tissues in the respiratory and genitourinary tracts, respectively. The bacteria are thought to adhere to the mucosal epithelia by using multiple adhesins in a sequential manner. Primary attachment is mediated by the pilus, followed by a more intimate interaction via the opacity (Opa) proteins (35) present in the bacterial outer membrane (28, 40) . The Opa proteins recognize distinct receptors present on epithelial cells. Two types of Opa receptors have been discovered so far. Certain Opa proteins bind to the cell surface heparan sulfate proteoglycans (HSPG) syndecan-1 and -4 (11, 15, 39) , while other Opa proteins bind to members of the carcinoembryonic antigen (CEA) or CD66 family, recently renamed the CEACAM family (1, 9, 14, 42) . CEACAMs can be found on epithelial cells and neutrophils (38) , two cell types that are targeted by neisserial strains during natural infection. Some Opas are capable of recognizing both receptor types (7, 10) . The interaction between Opa proteins and the CEACAM family members is highly specific; i.e., each Opa variant demonstrates a particular tropism for only certain members of the CEACAM receptor family (7, 10, 17) . The binding of Opa protein is based on protein-protein interactions in the N-terminal part (N domain) of CEACAM glycoproteins (8) . Some CEACAM family members, such as CEACAM4, -7, and -8, do not bind any Opa protein (30) , although their N domains are up to 80% identical to the domains of the Opa binding family members CEACAM1, -3, and -6 and CEA (for historical reasons, the protein encoded by the CEACAM5 gene is still called CEA). We recently mapped the domain in CEA critically involved in Opa binding by homologue scanning mutagenesis. We found that a serine at position 32 in the CEA N domain was the major determinant for Opa protein binding, with less critical contributions of F29 and G41 (6) . The importance of S32 was also demonstrated for Opa binding by CEACAM6 (30) . In addition, the conserved residues Y34 and I91 in the CEACAM1 N domain were found to be necessary for Opa protein binding (43) . While the CEACAM sequences required for Opa recognition have now been well characterized (reviewed in references 5 and 41), the CEACAM binding domain on Opa proteins remains to be elucidated.
Multiple opa genes can be found in the chromosomes of N. gonorrhoeae (11 or 12 loci) and N. meningitidis (3 or 4 loci) (4, 34) . Many distinct opa alleles have been identified, since each neisserial strain contains a different repertoire of opa genes (23) . The expression of Opa proteins is phase variable as a result of variation in the number of pentameric repeats within the signal peptide-encoding region (27, 33) . This on-and-off switching of Opa protein expression may result in the presence of multiple Opa variants within one culture. Opa proteins are predicted to form an eight-stranded ␤-barrel in the outer membrane with four extracellular loops. Three of those loops contain variable sequence domains termed semivariable (SV) and hypervariable (HV-1 and HV-2) domains, while the fourth loop is highly conserved (23) . The overall conservation of sequence and predicted structure outside the variable domains suggests that the different biological characteristics of individual Opa proteins are determined by the variable domains in the exposed loops. The involvement of HV regions in CEACAM recognition was indeed indicated by the finding that antibodies directed against the HV-2 region of an Opa protein of gonococcal strain FA1090 inhibited interactions with neu-trophils (31). Furthermore, Virji et al . (43) found that two Opa variants of N. meningitidis strain C751 with identical SV and HV-2 regions differed in their interaction with CEACAM3 and CEACAM6, suggesting that HV-1 also is involved in CEACAM recognition.
In order to further understand the molecular basis for Opa-CEACAM recognition, we undertook the present study to define the domains on Opa proteins that mediate binding to CEACAM receptors. We investigated this in a systematic manner by constructing deletion mutant Opa proteins lacking variable domains and constructing chimeric mutant Opa proteins by exchange of variable domains between different Opas. The mutant Opa proteins, expressed in a non-phase-variable manner in their natural host the gonococcus, were then extensively tested to determine the contributions of each variable region to CEACAM recognition.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The gonococcal strain used in this study was MS11mk (37) . Gonococci were maintained in a humidified, 5% CO 2 atmosphere at 37°C on GC phosphate medium (35) with the appropriate antibiotic when required. For experiments, bacteria were grown for 3 h in 10 ml of HEPES medium (39) (10 mM HEPES, 145 mM NaCl, 5 mM KCl, 0.5 mM MgCl 2 , 1 mM CaCl 2 , 5 mM glucose, and 1.5% Proteose Peptone no. 3 [Difco] [pH 7.4]) in a gyratory shaker at 37°C. Bacterial suspensions were pelleted and resuspended in 1 ml of HEPES buffer (HEPES medium without Proteose Peptone). Escherichia coli DH␣ was used as the host strain for all plasmid constructions.
Construction of recombinant Opa variants. The pHermes6a-pTetM shuttle system was used to obtain gonococcal variants expressing recombinant, nonphase-variable Opa proteins. The pHermes6a plasmid contains an Opa promoter and a modified Opa leader sequence resulting in a locked-on expression status of the opa gene cloned behind this leader sequence. This construct is contained within a "shuttle box" that allows homologous recombination into the conjugative Neisseria plasmid pTetM25.2 (21, 22) The nonmodular chimeras were described by Grant et al. (16) . The MS11 opaB gene was modified to construct a modular version by subcloning the NotI/HindIII opaB fragment of pEXB (2) into pCRII (Invitrogen) and introducing an SspI site and a ClaI site 3Ј of the HV-1 and HV-2 region (16), resulting in plasmid pCRII-mBB. The NotI/HindIII opaB fragment from pEXB was replaced with the corresponding fragment of pCRIImBB, resulting in plasmid pEX-mBB. HV regions were amplified from the pEXI and pEXC plasmids (2) by PCR using a 3Ј primer containing an SspI site (HV-1) or a ClaI site (HV-2) and the 5Ј M13 forward primer. HV-2 regions were exchanged in the pEX-mBB plasmid by digestion and ligation via the ClaI sites. Because the pEX-mBB plasmid contains two SspI sites outside the opa region, the HV-1 regions were ligated into SspI-cut pCRII-mBB. The resultant chimeric opa gene was isolated as a NotI/HindIII fragment and ligated into NotI/HindIIIdigested pEX-mBB. The resulting plasmids pEX-mXX (where X stands for B, C, or I) were transformed into DH5␣ and were sequenced through the entire opa gene to verify constructions. The chimeric opa genes were subcloned in the shuttle vector pHermes6a (21) by HindIII and NotI digestion-ligation of pHermes6a-OpaA (16) . After transformation into DH10B Max Efficiency cells (Gibco Life Sciences) and selection on 300 g of erythromycin per ml, transformants were screened for Opa expression by immunoblotting of whole-cell lysates with anti-Opa antibody 4B12 (a generous gift of M. Blake, North American Vaccines). Plasmids from positive transformants were isolated and used for transformation of gonococcal strain MS11 containing the pTetM plasmid plus a deletion in the gene coding for the major HSPG binding Opa of MS11 (OpaA) (16) . Gonococcal transformants were selected on GC plates containing 7 g of erythromycin per ml, and Opa expression was verified by immunoblotting of whole-cell lysates with 4B12 antibody. E. coli variants expressing chimeric Opa proteins were obtained by transformation of the appropriate plasmid pEX-mXX into strain HB101. The pEX-Opa plasmids encode ␤-lactamase-Opa fusion proteins that correctly insert into the E. coli outer membrane (2) .
SV deletions were constructed as described before (16) in the pCRII-mXX plasmids. HV regions were deleted by removal of SspI (HV-1) or ClaI (HV-2) fragments from pCRII-mXX plasmids. The deletion constructs were moved into the E. coli expression plasmid (pEX) or the shuttle vector for gonococcal expression (pHermes6a) as described above. Variants expressing native recombinant Opa proteins were constructed by moving the NotI/HindIII Opa fragment from pEXB, pEXC, or pEXI into pHermes6a, followed by transformation of MS11.
Surface exposure of chimeric and deletion Opa proteins. Bacteria (5 ϫ 10 7 ) were incubated in 0.5 ml of HEPES buffer containing 30 g of trypsin per ml (Sigma) for 15 min at room temperature. Twenty-five microliters of fetal calf serum was added, and the bacteria were collected by centrifugation (5 min at 2,000 ϫ g), washed once with 1 ml HEPES buffer containing 5% fetal calf serum, and processed for immunoblotting with 4B12 antibody. Correct outer membrane insertion of the Opa protein was inferred from disappearance of the intact Opa band on the blot in the trypsin-treated samples under conditions where the amount of porin in the cell lysate was unchanged as judged by Coomassie brilliant blue staining of sodium dodecyl sulfate (SDS)-polyacrylamide gels.
Immunoblotting. Whole-cell lysates were prepared by boiling cells in SDSpolyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. An equivalent of 2 ϫ 10 7 cells was run on SDS-13% polyacrylamide gels and transferred to nitrocellulose filters. Opa proteins were visualized by incubation with 4B12 antibody followed by protein A-HRP (Sigma, 1:20.000). Blots were developed with the enhanced chemiluminescence protocol (ECL) (Amersham).
Infection experiments. Stably transfected HeLa cell lines expressing defined CEACAM molecules were a generous gift from F. Grunert (Institut für Immunbiologie, Freiburg, Germany) (3, 13) and were cultured as described previously (7) . Gonococci (1.5 ϫ 10 7 ) were added to 2 ϫ 10 5 cells cultured on 12-mmdiameter glass coverslips in 1 ml of RPMI for 3 h at 37°C and 5% CO 2 . Nonadherent bacteria were removed by three washes with phosphate-buffered saline, and infected cells were fixed with 2% paraformaldehyde in phosphatebuffered saline. Extracellular bacteria were stained by incubation with an antilipopolysaccharide antibody followed by incubation with protein A-gold and silver enhancement (7) . This results in a black appearance of bacteria that were accessible to the antilipopolysaccharide antibody and thus not internalized. Intracellular bacteria and HeLa cells were then visualized by counterstaining with 0.005% crystal violet. Numbers of intra-and extracellular bacteria were evaluated by light microscopy for at least 50 cells per coverslip. When appropriate, heparin (ICN Chemicals) was added at a concentration of 50 g/ml 5 min before addition of the bacteria. For E. coli infections, bacteria were left on the cells for 5 h, after which fixed infected cells were stained with 0.005% crystal violet. Each bacterial suspension used in any infection experiment was tested for expression of the desired Opa protein by electrophoresis and immunoblotting of whole bacterial cell lysates. The presence of a single band of the correct molecular weight, detected with anti-Opa antibody 4B12, was taken as confirmation of usage of the correct Opa variant. The results shown came from at least three different independent experiments.
Binding of soluble receptors to gonococcal Opa variants. Binding assays were performed as described previously (8) . Briefly, 10 8 bacterial cells were incubated in 200 l of HEPES buffer for 20 min at 37°C in the presence of the appropriate receptor preparation. Then bacteria were spun, washed with HEPES buffer, pelleted, and boiled in SDS-PAGE sample buffer. Full-length CEA was derived from HeLa-CEA cells that were treated with phosphotidyl inositol-phospholipase C (ICN) to release CEA. The presence of multiple bands reactive with anti-CEA antibodies in this preparation is due to different glycosylation forms of CEA. A cleared lysate of E. coli BL21 cells expressing His 6 -tagged CEA N domain served as the source for the CEA N domain. Binding of the receptor was measured by immunoblotting of whole-cell lysates with rabbit polyclonal anti-CEA antibodies (Dako) in case of the full-length CEA or with a mouse monoclonal anti-His antibody (Pharmacia) for CEA N-domain detection. After incubation with protein A-HRP, bands were visualized using ECL (Amersham). Binding assays were performed at least twice, and results of representative experiments are shown.
RESULTS
Binding of soluble CEA to chimeric Opa variants. The 11 Opa proteins of gonococcal strain MS11 show different patterns of receptor binding capacities: OpaA is unique in that it strongly binds HSPG but does not bind any CEACAM receptor; OpaB, OpaC, OpaG, and OpaI bind CEACAM1, -3, and -6 and CEA; OpaD, OpaE, OpaF, OpaH, and OpaJ bind CEACAM1 and CEA but not CEACAM3 or -6; and OpaK binds weakly to only CEACAM1. Furthermore, OpaC, OpaF, and OpaH demonstrate low levels of HSPG binding (7, 10, 17) . For a previous study where we investigated HSPG binding domains in the OpaA protein of strain MS11, we constructed MS11 variants expressing chimeric Opa proteins. These chimeric Opa proteins consisted of the N-terminal half (SV and HV-1 region) or C-terminal half (HV-2 and conserved-loop region) of the HSPG binding protein OpaA, while the other half of the molecule was derived from a CEACAM binder, i.e., OpaB or OpaC. These variants were referred to using a fourletter designation indicating the origin of their surface-exposed regions, e.g., AABB (16) . We tested these chimeric variants for CEA recognition by measuring their ability to bind this receptor in solution. Soluble full-length CEA was obtained by phospholipase C treatment of HeLa-CEA cells. As expected, the native Opa variants BBBB and CCCC readily bound CEA, while the Opa Ϫ and AAAA variants did not ( Fig. 1 ). Surprisingly, none of the chimeric variants bound CEA, not even the chimeras BBCC and CCBB, which contained HV regions of two CEA binding Opa proteins. Apparently, combining HV regions of different CEA binding Opas did not preserve CEA receptor binding activity. Furthermore, these results show that an HV region derived from the non-CEA binder OpaA cannot replace the function of the corresponding HV region of a CEA binder such as OpaB or OpaC.
Construction of modular Opa variants. Because of these results, we decided to investigate the CEACAM recognition domain(s) on Opa proteins in more detail. As mentioned above OpaB-, OpaC-, OpaG-, and OpaI-expressing gonococci recognize the largest repertoire of CEACAM family members. Therefore, we considered these the most interesting to use to identify the Opa domains involved in CEACAM binding. Since OpaB and OpaG are virtually identical (4), we used only OpaB for further studies. Mapping of critical Opa protein domains was carried out by the construction and testing of a series of deletion mutants and chimeric Opa proteins. In order to facilitate construction of these recombinant Opa deletions and chimeras we designed a modular opa gene by introducing restriction sites into the native opaB gene to allow for deletion and exchange of loop-encoding regions. These insertions resulted in three amino acid residue changes in the mature OpaB protein (Fig. 2) . This slightly altered opaB gene is referred to as modular opaB and served as a backbone to construct new deletion and chimeric variants. All variants based on this backbone are indicated as modular, marked by a lowercase m, followed by uppercase letters indicating the origins of the HV-1 and HV-2 regions, respectively. For instance, mBB indicates that both HV-1 and HV-2 are derived from OpaB; mBI indicates that the HV-1 region came from OpaB while the HV-2 region was derived from OpaI. All Opa proteins described in this study were expressed from the pTetM-Opa expression system, which results in non-phase-variable expression of the recombinant opa gene (21) carried by an MS11 strain in which the chromosomal HSPG binding opaA gene was inactivated (16) . The correct insertion of the recombinant Opa proteins in the gonococcal outer membrane was confirmed by their sensitivity to cleavage by trypsin ( Fig. 3A and B) . The binding activities of the modular Opa variants mBB, mCC, and mII were tested in infection assays with HeLa cells transfected with CEACAM3, -6, or -8 or CEA and the parent HeLa-Neo cells, using the respective parent strains (carrying recombinant native OpaB, OpaC, and OpaI) as controls. The modular variants were indistinguishable in invasion and adherence properties from the native variants; i.e., they adhered to and invaded HeLa-CEACAM3, -CEACAM6, and -CEA cells but did not interact with HeLa-Neo or HeLa-CEACAM8 cells (data not shown). Therefore, we considered the modular variants appropriate tools for determining CEACAM binding domains of Opa proteins. Effect of deleting extracellular loops on CEACAM recognition. To investigate which extracellular loop(s) of an Opa protein confers binding to CEACAM receptors, we deleted the major part of each of the four loops separately and in combinations and tested the mutant proteins for recognition of different CEACAM receptors in infection assays. The deleted regions of each loop are indicated in Fig. 2 . Western blotting of cell extracts of the different mutants showed that they produced similar amounts of Opa protein, except for the fourthloop deletion mutant (Fig. 3C) . Limited trypsinolysis of intact cells demonstrated that the deletion mutant Opa proteins were exposed on the cell surface (data not shown), similar to what we showed previously for OpaA deletion mutants (16) . Results of infection assays performed with mBB and mII deletion variants on CEACAM3-, CEACAM6-, and CEA-transfected HeLa cells are shown in Table 1 . Deletion of the SV region in mBB or in mII did not affect recognition of any type of CEACAM receptor. In contrast, deletion of either one of the HV loops in mBB or mII completely abolished invasion into any CEACAM-expressing cell line. The HV deletion variants of mII also lost adherence to the tested cell lines. The mBB mutants with a deletion in either of the HV regions no longer adhered to HeLa-CEACAM3 or -6 cells and demonstrated reduced adherence to HeLa-CEA cells. Recognition of CEA was completely lost when both HV regions were deleted. The mCC deletion mutants demonstrated a pattern of invasion and adherence similar to that of the mBB deletion mutants (data not shown). Deletion of the fourth loop was tested only in variant mBB; it resulted in abolition of all receptor binding. However, the Opa expression level of this deletion mutant was much lower than that of the parental strain (Fig. 3C) , as was also found previously for an OpaA fourth-loop deletion mutant (16) . This lack of expression may be due to problems with the transport to or stability of the mutant protein in the outer membrane. Hence, we were unable to determine a possible direct role of the fourth loop in CEACAM binding. None of the deletion variants invaded or bound to HeLa-Neo or HeLa-CEACAM8 cells (data not shown), indicating that no alternative, i.e., non-CEACAM-related, binding events were responsible for any of the observed interactions. Together, the data indicate that both HV regions are critically important for CEACAM binding while the SV region does not appear to be required in CEACAM receptor recognition. Moreover, the chimeric variant ABBA, which was constructed during our previous studies on the HSPG binding domain of OpaA, readily bound and invaded HeLa-CEACAM3, -CEACAM6, and -CEA cells, indistinguishably from the behavior of the BBBB variant (data not shown), indicating that even the presence of an SV region of a non-CEACAM binding Opa does not interfere with CEACAM recognition.
Interaction of chimeric Opa proteins with CEACAM receptors expressed by HeLa cells. The results with the Opa deletion mutants suggest that both HV loops are important for CEACAM receptor binding. This could imply that each loop directly binds to the receptor, which might be suggested by the To address this question and define the role of HVs in CEACAM binding more precisely, we tested the effect of shuffling HV regions by constructing modular chimeras containing HV-1 and HV-2 loops of OpaB, OpaC, or OpaI. Opa expression levels and surface exposure of these chimeras were similar to those of the modular parental Opas (Fig. 3A and B) . The results of infection assays performed with these chimeras on different CEACAM transfectants are shown in Table 2 . Infection of the control HeLa-Neo cells, which do not express any CEACAM receptor, surprisingly showed significant binding of the chimeras mIB, mIC, and mCB. Adherence of mIB and mIC was completely inhibited by heparin, indicating that the binding likely occurred through recognition of a proteoglycan (Table 2) . Similar heparin-inhibitable binding of mIB and mIC was observed with the human conjunctiva-derived Chang cell line (data not shown), indicating that the binding of mIB and mIC is not mediated by a HeLa cell-specific determinant. Also, when the mIC and mIB proteins were expressed and tested in an E. coli background, heparin-inhibitable binding to HeLaNeo cells was again observed (Fig. 4) , demonstrating that the binding is indeed due to the chimeric Opa protein. Adherence by the mCB-expressing gonococci was very heterogeneous (i.e., these bacteria bound to only about 30% of the HeLa transfectants tested); this binding was not affected by the presence of heparin. The nature of this mCB binding is unknown and is currently under investigation. To exclude any contribution of proteoglycan-mediated binding, further experiments with the CEACAM-expressing cell lines were performed in the presence of heparin.
Infection experiments with the chimeric variants in the three HeLa-CEACAM cell lines showed that the chimeric Opa variants lost the ability to invade these cells, since none of these variants were ever found intracellularly, while the parent Opa variants were always readily taken up (Table 2) . Furthermore, the chimeras no longer adhered to HeLa-CEACAM3 and -CEACAM6 cells (Table 2) . Thus, combining two HV loops from different CEACAM binding Opa proteins did not preserve CEACAM3 or CEACAM6 recognition. In the case of CEA recognition, a more complex picture emerged. All chimeras lost the ability to enter HeLa-CEA cells, indicating a loss of CEA recognition. However, adherence properties of the chimeras were not completely lost. The mBC and mCB chimeras demonstrated a decrease in adherence, while binding by the mBI, mIB, mCI, and mIC chimeras was not significantly different from the binding by the parent Opa variants ( Table  2) .
Binding of soluble CEA N domain to chimeric Opa variants. To further investigate the interaction of the chimeric Opa proteins with CEA, we examined whether the chimeric variants were capable of binding the soluble CEA N domain, which carries the Opa binding region of CEA. When Opa-CEA binding is of sufficient avidity, CEA N-domain binding corresponds with adherence to HeLa-CEA cells (8) . As expected, the mBB, mCC, and mII variants readily bound the CEA N domain, while the Opa Ϫ variant did not (Fig. 5) . The mIB-and mICproducing variants both bound significant although various amounts of CEA N domain, while the mCI, mBI, mBC, and mCB variants did not bind the CEA N domain at all. The lack of binding by the mCB and mBC chimeras agrees with a similar lack of receptor binding by the BBCC and CCBB chimeras (Fig. 1) , confirming the appropriateness of the use of modular variants. Apparently, the chimeras mBC, mCB, mBI, and mCI bind CEA with lower affinity than the native Opa proteins, Properties of HV regions of CEACAM binding and nonbinding Opa proteins. In an attempt to understand why only certain combinations of HV regions result in complete CEACAM recognition, we compared the primary sequences of the HV domains of CEACAM binders to those of nonbinders. Among the 11 MS11 opa genes, seven unique HV-2 regions can be discriminated. There are nine unique HV-1 regions, with two pairs differing in only two residues (4, 21) . Allowing this tworesidue mismatch, we compared seven unique HV-1 and HV-2 regions in terms of charge, hydrophobicity, and spacing of residues (Tables 3 and 4) .
The heparin binding capacity of proteins is determined by spacing of basic residues, often represented by a sequence of 3 basic amino acid residues interrupted by one nonbasic residue (25) . The HV-1 region of OpaA, which is the strongest HSPG binder of MS11 Opa proteins, contains the sequence RVHK. Mutation of the arginine residue in this sequence abolishes HSPG binding by OpaA (data not shown), indicating that the RVHK sequence may be the HSPG receptor recognition domain. When all HV domains were checked for a BxBB sequence (where B stands for a basic amino acid residue and x stands for any amino acid residue), we found that the HV-1 domains of OpaF, OpaH, and OpaI and the HV-2 domain of OpaK contained this sequence. A BBxB sequence was found in the HV-2 domain of OpaC (Table 3) . OpaF, OpaH, and OpaC have been shown to mediate low levels of HSPG binding, which may be attributed to the presence of a BxBB or BBxB sequence. Interestingly, the HV-1 domain of OpaI contains BxBB, which could possibly explain the observed HSPG recognition mediated by chimeras containing the OpaI HV-1 domain (mIB and mIC). Next, we looked at patterns of charged or hydrophobic residues in combinations of HV regions of FIG. 5 . Binding of CEA N domain to gonococci expressing chimeric Opa proteins. Bacteria were incubated in HEPES buffer containing His 6 -tagged CEA N domain (8) for 20 min at 37°C, spun, and washed. Cell pellets were boiled, separated by SDS-PAGE, blotted onto nitrocellulose, and probed with a mouse monoclonal anti-His 6 antibody, followed by protein A-HRP. Detection was with the ECL kit from Amersham. Numbers on the left are molecular masses in kilodaltons. b Number of basic (K, R, H) or acidic (D, E) residues present in the HV region.
c Net charge of the HV region, counting K and R as ϩ1, H as ϩ0.5, and D and E as Ϫ1 as described by Swanson (36) .
CEACAM binders compared to nonbinders; this did not result in any obvious distinction. Overall charge of individual loops was calculated as described by Swanson (36) . The total net charge of combinations of HV loops in native, CEACAM binding Opa proteins varied from ϩ6.5 to ϩ12.5, while the net charge of chimeric combinations varied from ϩ6.5 to ϩ12, suggesting that at least the overall charge is not the determining factor for CEACAM recognition.
DISCUSSION
The neisserial Opa protein family, as known today, consists of over 100 sequenced members, each carrying often unique surface-exposed domains. Nevertheless, many Opa proteins are functionally similar; i.e., they recognize the same host cell receptors. This might suggest that the Opa surface domains are functionally conserved and could be constantly exchanged without functional consequences. Our data indicate that this is not the case, at least not for the Opa proteins of strain MS11. Our findings may not necessarily be extrapolated to all Opa proteins, but the fact that we observed loss of function in all possible shuffled variants of three different MS11 Opa proteins suggests that this may be a general phenomenon among Opa proteins.
The Opa variants of strain MS11 that are recognized by the distinct CEACAM receptors contain very dissimilar SV, HV-1, and HV-2 regions within a highly conserved framework sequence. One would therefore possibly expect the CEACAM receptor binding domain to be present in the conserved rather than the variable parts of the different Opa proteins. Yet, our data show that both HV domains are indispensable for receptor binding. Although we cannot exclude the possibility that the HV domains are needed for a correct binding conformation in a conserved part of the Opa protein, we believe it unlikely that only very specific sets of HV regions would allow for this to happen. We consider it more likely that the binding domain resides in the HV regions. The finding that combining HV regions of fully competent CEACAM binders resulted in a decrease or even a loss of CEACAM binding suggests that the HV loops do not contain independent individual binding domains but that they cooperate to create a receptor binding domain. Only the combinations of HV loops present in the native Opa proteins resulted in full receptor recognition, indicating that only restricted sets of HV regions are capable of forming a functional receptor binding domain. The requirements for formation of this domain are not obvious from the primary sequences of Opa proteins, since we could not find distinct similarities in HV regions within the group of CEACAM binding Opa proteins, nor did we find a clear difference in primary sequence between CEACAM binding and nonbinding Opa proteins. Apparently, similar conformational motifs can arise from dissimilar primary sequences. The present work confirms and extends observations from previous studies with meningococci that produce naturally occurring Opa variants sharing HV regions. Two Opa variants of meningococcal strain C751 with similar HV-2 regions but distinct HV-1 regions were bound and taken up by HeLa-CEACAM3 and -6 cells in different amounts (43) , indicating that the combination of HV-1 and HV-2 also determines the level of receptor recognition in a different bacterial background.
Full CEACAM recognition, resulting in invasion and adherence to epithelial cells, requires both HV regions of an Opa protein. This appears to be in contrast to HSPG binding, which can be conferred by one HV region (HV-1) in the case of the OpaA protein of strain MS11 (16) . It is not unexpected that HSPG and CEACAM binding are mediated through different domains, since the addition of heparin, which completely blocks HSPG recognition, does not interfere with CEACAM recognition of dual-receptor binding Opa proteins (7) . The surprising finding that the chimeric Opa variants mIB and mIC demonstrate HSPG binding activity, while the parent mBB, mCC, and mII variants do not, suggests that one or both or a combination of the HV loops forms an HSPG binding domain. This HSPG binding activity is apparently cryptic in the parental Opa protein. The fact that none of the HV deletion mutants bound to HeLa-Neo cells indicates that none of the OpaB, OpaC, or OpaI HV regions by itself is capable of binding HSPG. This implies also that for certain HSPG binding both HV loops are necessary and need to be compatible. In our previous study on HSPG recognition by OpaA, we found only a supportive role for the HV-2 loop of OpaA (16) . Although both OpaA and the chimeras mIB and mIC bind HSPG, only binding through OpaA results in substantial invasion of cells, possibly due to a difference in binding affinity. In that respect, the mIB and mIC Opas resemble OpaC, OpaF, and OpaH, which also demonstrate heparin-inhibitable binding but no invasion of epithelial cells (7, 11) . Thus, at least among the MS11 Opa proteins, strong HSPG binding can be mediated by only one HV loop, as is the case for OpaA, and alternatively, two compatible HV domains may also form a weaker HSPG binding site.
Recombinational reassortment of HV regions among opa genes occurs frequently in vivo (18, 19) . Opa proteins are highly immunogenic, as indicated by the reactivity of convalescent-phase sera from meningitis patients with Opa proteins (29) . An increase in anti-Opa antibodies is also observed after vaccination with meningococcal outer membrane vesicles (24, 32) . Thus, on the one hand there must be strong pressure on the bacteria to change their Opa repertoire in order to evade the host's immune response. On the other hand, the receptor binding function of Opa proteins needs to be maintained. Apparently, the bacteria have found a way to deal with both aspects of survival in the host, at least for HSPG recognition, since shuffling of HV regions can lead to novel HSPG binding activity. For CEACAM recognition, we have found only a loss of binding after shuffling of HVs, but the number of chimeras we looked at may have been too small to conclude that novel CEACAM binding Opas cannot occur. The OpaB protein of meningococcal strain C751 can be regarded as a chimera of the other two C751 Opa proteins (OpaA and OpaD). (It should be noted that the Opa designations OpaA, OpaB, and OpaC, etc., are unrelated among strains; i.e., there is not necessarily any homology between the variable domains in OpaA of strain X versus OpaA of strain Y). In infection assays, higher numbers of OpaB-expressing meningococci than OpaA or OpaD variants were bound or taken up by HeLa-CEACAM3 and -CEACAM6 cells (43) . Thus, this is an example where shuffling did not result in a loss of receptor recognition.
It is remarkable that our results on the CEACAM3 and CEACAM6 receptors appear more clear-cut than those con- In conclusion, we have shown that CEACAM binding by MS11 Opa proteins is dependent on the presence of two, matched HV domains which likely form a binding domain for CEACAM. The structural requirements of these binding domains may be complex, and further characterization will require analyses of purified proteins folded in native conformations. In addition, we found that cryptic HSPG receptor binding activity can be present in Opa proteins, which becomes functionally exposed upon recombinational reassortment of HV domains.
